Predicting the metabolic potential and ecophysiology of mixed microbial communities remains a 42 major challenge, especially for slow-growing anaerobes that are difficult to isolate. Unraveling the 43 in-situ metabolic activities of uncultured species could enable a more descriptive framework to 44 model substrate transformations by microbiomes, which has broad implications for advancing the 45 fields of biotechnology, global biogeochemistry, and human health. Here, we investigated the in-46 situ function of mixed microbiomes by combining DNA-stable isotope probing with 47
Abstract: 18
Linking the genomic content of uncultivated microbes to their metabolic functions remains a 19 critical challenge in microbial ecology. Resolving this challenge has implications for improving 20 our management of key microbial interactions in biotechnologies such as anaerobic digestion, 21 which relies on slow-growing syntrophic and methanogenic communities to produce renewable 22 methane from organic waste. In this study, we combined DNA stable isotope probing (SIP) with 23 genome-centric metagenomics to recover the genomes of populations enriched in 13 C after feeding 24 13 C-labeled butyrate. Differential abundance analysis on recovered genomic bins across the SIP 25 metagenomes identified two metagenome-assembled genomes (MAGs) that were significantly 26 enriched in the heavy 13 C DNA. Phylogenomic analysis assigned one MAG to the genus 27 Syntrophomonas, and the other MAG to the genus Methanothrix. Metabolic reconstruction of the 28 annotated genomes showed that the Syntrophomonas genome encoded all the enzymes for beta-29 oxidizing butyrate, as well as several mechanisms for interspecies electron transfer via electron 30 transfer flavoproteins, hydrogenases, and formate dehydrogenases. The Syntrophomonas genome 31 shared low average nucleotide identity (< 95%) with any cultured representative species, indicating 32 it is a novel species that plays a significant role in syntrophic butyrate degradation within anaerobic 33 digesters. The Methanothrix genome contained the complete pathway for aceticlastic 34 methanogenesis, indicating that it was enriched in 13 C from syntrophic acetate transfer. This study 35 demonstrates the potential of stable-isotope-informed genome-resolved metagenomics to elucidate 36 the nature of metabolic cooperation in slow-growing uncultured microbial populations, such as 37 syntrophic bacteria and methanogens, that are important to waste treatment as well as global 38 carbon cycling. 39 40 metagenomics to identify the genomes of active syntrophic populations converting butyrate, a C4 48 fatty acid, into methane within anaerobic digesters. This approach thus moves beyond the mere 49 presence of metabolic genes to resolve 'who is doing what' by obtaining confirmatory assimilation 50 of labeled substrate into the DNA signature. Our findings provide a framework to further link the 51 genomic identities of uncultured microbes with their ecological function within microbiomes 52 driving many important biotechnological and global processes. and acetate, 1 Pa H2). Thus, cooperation with acetate-and hydrogen-scavenging methanogenic 86 partners is necessary to maintain thermodynamic favorability. Cultured representative species 87 carrying out syntrophic fatty acid oxidation are potentially underrepresented due to their slow cell 88 yields and difficulty of isolation in the lab (7) . Insofar, only two mesophilic (Syntrophomonas and 89 Syntrophus) and two thermophilic (Syntrophothermus and Thermosyntropha) genera (12 bacterial 90 species total) have been shown to oxidize butyrate in syntrophic cooperation with methanogenic 91 archaea, and they all belong to the families Syntrophomonadaceae and Syntrophaceae (7). Despite 92 their major roles in processing carbon within anaerobic bioreactors, many syntrophic fatty acid-93 oxidizing bacteria have evaded detection with quantitative hybridization-based techniques (8), 94 which is likely due to their low biomass yields (9) or our incomplete knowledge of active 95 syntrophic populations within anaerobic digesters (10). Broad metagenomic surveys of anaerobic 96 digester communities have similarly observed poor resolution of syntrophic populations, owing to 97 their low abundance (4, 11). Thus, highly sensitive culture-independent approaches are needed to 98 expand our understanding of the ecophysiology of syntrophic populations to better control and 99 predict metabolic fluxes in anaerobic environments. 100
101
Recently, we demonstrated the potential of combining DNA-stable isotope probing (SIP) with 102 genome-resolved metagenomics to identify syntrophic populations degrading the long-chain fatty 103 acid, oleate (C18:1), within anaerobic digesters (12). Stable-isotope informed metagenomic 104 sequencing can enrich metagenomic libraries with genomic sequences of actively-growing 105 microbes that incorporate 13 C into their biomass from an added labeled substrate (13), and thus 106 allows for a 'zoomed in' genomic view of low-abundance populations such as syntrophs. We also 107 demonstrated that this approach was amenable for recovering high-quality microbial genomes 108 using a differential-coverage based binning approach, as genomes from active microbes have low 109 abundance in DNA from 12 C controls but are enriched in 13 C-ammended treatments (12). Here, we 110 applied stable-isotope informed metagenomics to resolve the genomic makeup of active syntrophic 111 butyrate-degrading populations within an anaerobic digester. We utilized biomass collected from 112 the same anaerobic digesters as were previously used for DNA-SIP with oleate (12) at a similar 113 time point, thus allowing for genomic comparisons using a multi-substrate SIP dataset. This 114 approach identified potential metabolic flexibility in syntrophic populations processing multiple 115 fatty acids within the anaerobic digesters, and elucidated the genomic identity of syntrophic 116 partnerships between active methanogens and bacteria. 117 
Results and Discussion: 127
DNA stable isotope probing (SIP) of methanogenic microcosms with 13 C-labeled butyrate 128 Anaerobic digester contents from a pulse-fed and continuous-fed anaerobic digester were 129 incubated in duplicate microcosms that were spiked with either 12 C or 13 C-labelled butyrate (40 130 mM) for approximately 50 hours. The added butyrate was converted into methane at >80% 131 conversion efficiency based on COD recovery (Supplemental Figure S1 ). After the 50 hr 132 incubation, the contents of the microcosms were sacrificed for DNA extraction, density-gradient 133 centrifugation, and fractionation. 134
135
The abundance of 16S rRNA genes of the known butyrate-degrading genus, Syntrophomonas, was 136 quantified across density gradient fractions using qPCR to identify DNA fractions that were 137 enriched in 13 C (Supplemental Figure S2 ). Density fractions with a buoyant density from 1.70 to 138 1.705 had 2.0 to 2.2-times higher Syntrophomonas 16S rRNA genes (normalized to maximum 139 concentration) than the 12 C controls. Those DNA fractions were selected from each SIP microcosm 140 for metagenomic sequencing, as well as for 16S rRNA gene amplicon sequencing. 141
142
The microbial communities in the heavy density-gradient fractions were assessed through paired-143 end 16S rRNA gene amplicon sequencing for all 12 C-and 13 C-incubated duplicate microcosms 144 ( Figure 1 ). Differential abundance analysis of OTU read counts with DESeq2 (14) showed that 145 approximately 50% (7 of 15) of the significantly-enriched (p<0.05) OTUs in the 13 C heavy DNA 146 samples relative to 12 C were taxonomically classified as Syntrophomonas for the pulse-fed digester 147 (Supplemental Figure S3 ). For the continuous-fed digester, approximately 40% of the 13 C-148 enriched OTUs (7 of 17) were assigned to Syntrophomonas (Supplemental Figure S4 ). 149 Additionally, two 13 C-enriched OTUs in both digesters were assigned to Methanothrix (formerly 150 Methanosaeta), which likely scavenge the 13 C-acetate generated by Syntrophomonas during 13 C-151 butyrate degradation. While one previous study observed that Syntrophaceae was predominantly 152 enriched in anaerobic digester granular sludge incubated with 13 C-labeled butyrate (10), various 153 other studies also detected Syntrophomonadaceae populations as active syntrophic butyrate 154 degraders in anaerobic digester sludge using 14 C-labeled butyrate and MAR-FISH (15), in 155 anaerobic digester sludge through SIP using 13 C-labeled oleate (12), and in rice paddy soil with 156 SIP using 13 C-labeled butyrate (16). In the latter two studies, acetate-scavenging partners 157 Tepidanaerobacter and Clostridium in a thermophilic anaerobic digester operated at 55ºC (10) and 169
Chloroflexi and Planctomycetes in rice paddy soil (16). Members of Tepidanaerobacter and 170
Clostridium are known to syntrophically oxidize acetate under thermophilic conditions (17), and 171 may have thus been enriched in 13 C RNA from 13 C-labeled acetate produced during the beta-172 oxidation of labeled butyrate in the study by Hatamoto et al. (10) . Similarly, the Chloroflexi and 173
Planctomycetes populations were hypothesized to have become enriched due to cross-feeding of 174
intermediate metabolites like acetate in the rice paddy soil (16). Thus, the 'peripheral' populations 175 detected in our study may grow on cell-decay products, as genome-resolved metagenomics 176 recently indicated that some uncultured Anaerolineaceae species are likely fermenters in anaerobic 177 digesters (18). These results thus suggest that carbon cross-feeding may occur between multiple 178 microbial groups during the syntrophic degradation of butyrate in anaerobic digesters. Table S1 ). The filtered reads from heavy 13 C DNA were co-assembled, yielding a 184 total assembly length of 516 Mb of contigs larger than 1 kb, with an average (N50) contig length 185 of 5 kb. The fraction of filtered short reads that mapped to the co-assembly were 66% ± 3 (s.d) and 186 69% ± 1 for the 12 C and 13 C metagenomes, respectively (n=4 each) (Supplemental Table S1 ). The 187 co-assembly generated from 13 C reads thus captured much of the genomic information present in 188 the heavy DNA fractions. 189
190
The assembled metagenomic contigs were organized into 160 genomic bins at various levels of 191 completion and redundancy (Supplemental File 1). Differential abundance analysis of the mapped 192 read counts for the bins across the 13 C and 12 C metagenomes with DESeq2 (14) identified two 193 genomic bins that were significantly (p < 0.05) enriched in 13 C DNA (Table 1 ). Based on suggested 194 completion and redundancy metrics for metagenome-assembled-genomes (MAGs) (19), one 195 genomic bin is classified as a high-quality MAG (completion >90%, redundancy <10%), while the 196 other is a medium-quality MAG (completion >50%, redundancy <10%). Taxonomic classification  197 with CheckM (20) assigned one of the MAGs to the genus Syntrophomonas, and the other to 198
Methanothrix (Table 1) . 199
200
Phylogenomic placement of the 13 C-enriched Syntrophomonas BUT1 MAG was consistent with 201 its taxonomic assignment, as it was located in the Syntrophomonas genome cluster within the 202 family Syntrophomonadaceae (Figure 2 ). The closest relative to Syntrophomonas BUT1 based on 203 single-copy marker genes was Syntrophomonas PF07, which was a genomic bin enriched in 13 C 204 from DNA-SIP with labelled oleate ( 13 C18:1) with sludge from the same pulse-fed digester used in 205 this study (12). A high average nucleotide identity (ANI) of 99% was observed between the 206 Syntrophomonas BUT1 and Syntrophomonas PF07 genomes (Supplemental Figure S5) , 207 suggesting that these two organisms likely originated from the same sequence-discrete population 208 (21). The next closest relative of Syntrophomonas BUT1 based on the phylogenomic analysis was 209
Syntrophomonas zehnderi OL-4 ( Figure 2 ), which was isolated from an oleate-fed anaerobic 210 granular sludge bioreactor (22). However, the ANI between Syntrophomonas BUT1 and 211
Syntrophomonas zehnderi OL-4 was below 95% (Supplemental Figure S5 ), suggesting that these 212 two organisms were different species (23). Thus, the active butyrate-degrading bacterial MAG 213 identified in this study is distinct from any species obtained in isolation at this time. The detection 214 of the sequence-discrete population of Syntrophomonas BUT1 within heavy 13 C-DNA from 215 experiments with both labelled butyrate and oleate indicate that this syntrophic population could 216 be metabolically flexible; that is, it may grow on fatty-acids of variable length and degree of 217 saturation. This finding has implications for current frameworks for mathematical modeling of 218 anaerobic digesters, which typically assume that LCFA and butyrate-degrading populations are 219 distinct (24). Thus, the incorporation of genomic and functional characterization, as obtained 220 through DNA-SIP genome-resolved metagenomics, may help to improve our ability to accurately 221 Figure S5 ). 234 235 DNA-SIP using 13 C-labeled oleate with the same anaerobic digester biomass as this study did not 236 identify any 13 C-enriched methanogenic archaea in the genome-resolved metagenomic analysis 237 (12). One possible explanation for the higher relative enrichment of methanogens on 13 C-butyrate 238 versus 13 C-oleate could be the higher fraction of overall free-energy partitioned towards 239 methanogens during anaerobic butyrate degradation versus oleate degradation. For the overall 240 conversion of 1 mole of butyrate to CO2 and CH4 at environmental conditions in anaerobic 241 digesters, the thermodynamic yields would be -21.1, -9.4, and -58.9 kJ for the acetogenic bacteria, 242 hydrogenotrophic methanogens, and aceticlastic methanogens, respectively (Table 2) . For similar 243 conversion of 1 mole of oleate, the thermodynamic yields would be -219.9, -70.6, and -264.9 kJ 244 respectively (Table 2) . Thus, the acetogen would gain a much lower percentage of the overall free 245 energy yield from conversion of butyrate (24%) than oleate (40%). As cell yield can depend on 246 free-energy (26), the lower yield of the butyrate degradation would likely leave a higher fraction 247 of acetate for assimilation by aceticlastic methanogen compared to oleate. Supporting this, the 248 relative energy yield of aceticlastic methanogens compared to the acetogen is higher for conversion 249 of butyrate (0.45) than oleate (0.32). As the stable-isotope informed analysis utilized in this study 250 depended on heterotrophic incorporation of the added 13 C into biomass, it was not expected that 251 autotrophic (i.e. hydrogenotrophic) methanogens would be enriched in the heavy 13 C DNA 252 because no CO2 is produced during butyrate beta-oxidation (Table 2) complex that would be necessary to generate reduced ferredoxin from NADH. Recently, the Fix 323 (homologous to ETF) system was shown to perform electron-bifurcation to oxidize NADH 324 coupled to the reduction of ferredoxin and ubiquinone during N2 fixation by Azotobacter vinelandii 325 (40). The S. BUT1 genome encoded for a Fix-related ETF-dehydrogenase, fixC, as well as its 326 associated ferredoxin, fixX (Supplemental File 2). A Fix system has also been detected in S. wolfei, 327
and was postulated to serve as a means of generating reduced ferredoxin for H2 or formate 328 production via the bifurcation mechanism (31). Yet, reduced ferredoxin production with the Fix 329 system would be energetically costly, especially with regards to the low energy yields during 330 syntrophic butyrate oxidation (41). Another mechanism was proposed for generating reduced 331 ferredoxin in Rnf-lacking syntrophs that involves a heterodisulfide reductase complex (HdrABC) 332 Syntrophomonas to date. The direct transfer of electrons is thought to depend on electrically 359 conductive type IV pili and external polyheme cytochromes (48, 49). The S. BUT1 genome 360 encodes for a type IV pilin assembly protein, PilC, but no genes were found that encoded for the 361 structural protein PilA that is associated with DIET (49). Moreover, the type IV pilin genes 362 identified in the S. BUT1 genome were of the type Flp (fimbrial low-molecular protein weight), 363 which are smaller than the Pil type pilin utilized for DIET in Geobacter (50, 51). A multiheme c-364 type cytochrome was detected in the S. BUT1 genome that had 59% amino acid identity (89% 365 coverage) with the multiheme c-type cytochrome, OmcS, from G. sulfurreducens that has been 366 implicated in DIET (49) (Supplemental File 2). However, that gene also had higher homology 367 (69% identity, 94% coverage) with the cytochrome C nitrite reductase from S. wolfei (accession 368 no. WP_081424886). Therefore, the roles of DIET in the metabolism of S. BUT1 remain unclear, 369 but warrant further attention via expression-based profiling. 370
371
In addition to potential genetic mechanisms for energy conservation during syntrophic growth, S. 372 BUT1 also encoded for a capsule biosynthesis protein (CapA), which appears to be specific to 373 syntrophic growth (52). The function of CapA in syntrophic growth is unclear, but may be related 374 to the production of exopolymeric substances that facilitate interaction with methanogenic partners 375 (52). The S. BUT1 genome also encoded for the FtsW gene that is related to shape determination, 376 and is also a postulated biomarker of a syntrophic lifestyle (52). Based on the presence of these 377 'syntrophic biomarkers' along with genes for b-oxidization and H2/formate production, the 378 conservation system is highly similar to M. thermophila acetate oxidation (55). In previous studies, 416
Methanothrix species have been observed to co-occur with Syntrophomonas in LCFA-degrading 417 (56) and butyrate-degrading (57-59) anaerobic environments. In this study, the stable isotope-418 informed metagenomic analysis strongly suggests that the labelling of M. BUT2 DNA was due to 419 the incorporation of 13 C-acetate produced during the degradation of 13 C-butyrate by S. BUT1. 420
421
A near-complete pathway for methane production from CO2 was also observed in the M. BUT2 422 genome (Supplemental File 3). The only gene lacking in the CO2-reducing pathway was a F420-423 dependent N5N10-methylene-tetrahydromethanopterin dehydrogenase (Mtd). While Methanothrix 424 are thought to be obligate aceticlastic methanogens (53, 54), the presence and expression of the 425 CO2-reducing pathway in Methanothrix was previously reported (60-62) and was hypothesized to 426 be involved in methane formation via DIET. However, the mechanism through which 427
Methanothrix would directly accept electrons from its syntrophic partner has not been identified 428 (60, 61). The other known electron donors for methane production from CO2 are hydrogen and 429 formate. In this study, stable isotope-informed genome-resolved metagenomics was used to provide 443 genomic insight into syntrophic metabolism during butyrate degradation in anaerobic digesters. 444
The results obtained via genome binning and metabolic reconstruction showed that the 13 C-445 enriched Syntrophomonas genome contained the genetic capacity to convert butyrate into 446 precursor metabolites for methane formation-acetate, hydrogen and formate. The 13 C-enriched 447
Methanothrix genome likely consumed the acetate produced during butyrate degradation, 448
incorporating some 13 C into biomass. The presence of a CO2-reducing pathway, as well as formate 449 dehydrogenase and hydrogenase genes, in the Methanothrix genome leaves open the possibility of 450 flexible metabolism during methanogenesis. As syntrophic fatty acid degrading populations are 451 often slow-growing and thus difficult to isolate, this study demonstrates a new approach to link 452 ecophysiology with genomic identity in these important populations involved in anaerobic 453 biotechnologies, as well as global carbon cycling. Advancing our understanding of in-situ 454 metabolic activities within anaerobic communities is paramount, as these microbiomes contain 455 multiple interacting functional groups that, in cooperation, enable the processing of degradable 456 organic carbon into methane gas. Coupling SIP-informed metagenomics with other activity-based 457 techniques, such as metabolomics, transcriptomics, and proteomics, could further illuminate the 458 structure of anaerobic metabolic networks as well as quantify metabolite fluxes, thus enabling 459 newly informed process models to predict rates of anaerobic carbon transformation. DNA was extracted from the duplicate 10 mL microcosms after the 50-hr incubation, and was 482 separated via density-gradient centrifugation and fractionated as previously described (12). DNA 483 was measured in 24 density gradient fractions using QuBit (Invitrogen, MA, USA). 484
Syntrophomonas 16S rRNA genes were quantified in gradient fractions as described by Ziels et al. 485 (12), using previously developed primers and probes (65). Heavy DNA fractions with buoyant 486 densities between 1.70-1.705 g/mL (Supplemental Figure S2) were taxonomically classified with GhostKOALA (70). Short reads from the 12 C and 13 C 501 metagenomes were mapped onto the contigs using Bowtie2 (71) with default parameters. 502
Additionally, metagenomic reads from the total biomass collected from each digester 2 days after 503 the butyrate SIP experiment (i.e. time zero) (12) were mapped onto the assembled contigs to 504 facilitate the subsequent differential coverage binning. The contigs were then binned according to Information. After manual refinement of the bins using Anvi'o, we obtained a set of 160 genomic 507 bins that were assessed for completeness and contamination with CheckM (72) (Supplemental File 508 1). Differential abundance of each genomic bin in the 13 C and 12 C butyrate metagenomes of each 509 digester was determined using DESeq2 (14) using mapped read counts. A significant difference in 510 abundance between 12 C and 13 C metagenomes was established by a p value less than 0.05. The 511 average nucleotide identity (ANI) between 13 C-enriched genomic bins and publicly-available 512 genomes from closely-related organisms were calculated with pyANI (available from: 513 https://github.com/widdowquinn/pyani). Open reading frames were annotated with the 514 MicroScope platform (73), and metabolic reconstructions were performed in Pathway Tools (74). 515
Potential type IV pilin genes were identified with the PilFind program (50). 516 517
Data Availability 518
We have made publicly available the following: raw sequence reads and metagenome assemblies 519 BUT1 to other genomes available from the Syntrophomonadaceae family in the NCBI nr database 814 (downloaded April, 2018). The tree is based on a concatenated alignment of 139 bacterial single 815 copy marker genes (75) obtained using Anvi'o (72). Open reading frames were predicted with 816
Prodigal v.2.6.3 (69), and queried against database of bacterial and archaeal single copy marker 817 genes using HMMER v.2.3.2 (76). The tree was calculated using FastTree (77). The Clostridium 818
ultunense genome was used as the outgroup. 819 820 Abbreviations of enzymes are defined in Supplemental Files 2 and 3. The H2/formate utilizing 833 methanogenic partner is shown for conceptual purposes, but was not identified with 13 C-DNA SIP 834
this study due to their autotrophic growth in the microcosms. 835 
